Chalcogenide glasses are very important in the modern technology especially selenium-based. These glasses are sensitive to electromagnetic radiation useful in the infrared optics. The study investigated the effect of substrate temperature on the as-deposited selenium-bismuth thin films in addition to bismuth content. The films were deposited by flash evaporation method. Thickness of the films was measured on a surface profiler and confirmed through calculation based on the Swanepoel method. The spectral range of study was between 200 -3000 nm. It is found that the effect of increasing bismuth content on the as-deposited films led to increased absorption coefficient, reflectance, refractive index and extinction coefficient while transmittance and optical band gap energy decreased. On the other hand, reflectance, absorption coefficient, extinction coefficient, refractive index, real and imaginary parts of dielectric constant increased with increase in substrate temperature but transmittance and optical band gap energy decreased.
nium, antimony, lead, gallium, among others, to form chalcogenide glasses [1] . These glasses are rigid materials whose structures lack crystalline periodicity or long-range order. Information on the short-range order structure of chalcogenide glasses is particularly valuable in order to establish useful correlations between their structural and microscopic properties. Chalcogenide glasses are future prospective materials which would provide less expensive technical devices in the field of optoelectronics, owing to their versatile thermo-physical, optical, midinfrared and electrical properties [2] . The area of selenium-based chalcogenide glasses is still growing and open for investigation. Amorphous selenium-based chalcogenides have the unique property of reversible transformation, making these alloys useful in optical memory device formation [3] . Pure amorphous selenium is unstable and less sensitive to electromagnetic radiation in standard operational conditions because its glass transition temperature (about 42˚C) is close to room temperature putting it in perpetual danger of crystallization [4] . In order to stabilize these glasses, it is common to add certain additives which act as cross-linking agents and increase the dimensionality of structure and stability of the selenium chalcogenide glass. The glass transition temperature of stabilized selenium is about 70˚C [5] .
The role of bismuth in affecting the optical properties of the glasses of amorphous selenium system in addition to substrate temperature has been investigated. There is limited literature on the effect of substrate temperature on the optical properties of the as-deposited Se-Bi thin films. Addition of bismuth to selenium films is said to increase the stability, sensitivity of the films and changes the carrier type [6] . Bismuth on the order of about 0.5 to 5.0 atomic percent in combination with selenium has been found to be sensitive in the infrared region [7] .
Experimental Details
Glassy alloys of Se 100−x Bi x (x = 0, 2, and 4 at. %) were prepared by normal melt quenching technique under evacuated quartz ampoules (Edwards AUTO 306 Vacuum system, UK). The sealed ampoules were kept in a rotatable programmable furnace where the temperature was raised to 900˚C at a rate of 4˚C per minute and maintained at this temperature for 12 hours to ensure complete melting and homogenization of the mixture. This temperature was chosen because chalcogenide glasses belong to substances which have incongruent melting points and exhibit high partial vapour pressures during melting.
Selenium vapours with the main constituents of Se 6 and Se 5 molecules remain at nearly constant concentration at about 730˚C [8] . The ampoules were quenched by removing them from the furnace at the highest temperature and dropping in ice cold water to form amorphous bulk samples. The rate at which the temperature was raised of 4˚C per minute ensured that there was no sudden build up of pressure in the ampoules. The ampoules were broken to obtain the solid alloy that was crushed into powder for flash evaporation under vacuum (Edwards AUTO 306 Vacuum system, UK). The optimum substrate-source distance was predetermined to be 11cm. The substrate temperatures were: 51˚C, 55˚C, and 59˚C. The deposition rate was 1000 Ås −1 . The amorphous nature of the deposited films was verified by X-Ray Diffraction machine (Phillips PW3710, UK). Film thickness was measured using a computerized KLA-Tencor Alpha-Step IQ surface profiler whose resolution was 0.01 µm (KLA-Tencor Corporation, USA). Hence, the measured thickness was 350 ± 10 nm. The thickness calculated based on Swanepoel method was within ±10 nm from that obtained from the surface profiler. Transmittance and reflectance measurements were measured on a SolidSpec.3700 DUV, UV-VIS-NIR Spectrophotometer (SolidSpec.3700 DUV, Kyoto-Japan). The optical transmission spectra in the wavelength range 200 nm -3000 nm have been used to calculate the optical parameters in the amorphous thin films of Se 100−x Bi x .
For maximum transmission [9] : where λ is the wavelength Refractive index, real and imaginary parts of dielectric constant and the indirect allowed optical band gap energy were determined from the following expressions [11] [12] [13] : The band gap energy was calculated using the following expression;
( )
where α is the absorption coefficient, β is a constant, hν is the photon energy, and g E is the optical band gap energy.
If 1 n and 2 n are the refractive indices at two adjacent maxima (or minima) at 1 λ and 2 λ (Wavelengths), then the film thickness is determined according to [11] :
Results and Discussion
Results on the flash evaporated Se 100−x Bi x (x = 0, 2, and 4 at. %) thin films deposited on glass substrates at temperatures of 51˚C, 55˚C, and 59˚C and whose thickness is 350 ± 10 nm are presented. The substrate temperature is slightly above the maximum temperature for the ratio of chains and rings in the amorphous selenium to be at balance, which is usually at 50˚C [8] [14] . Amorphous selenium films prepared at a substrate temperature of about 65˚C may have enough vibrational energy to break some weak bonds. This leads to translational degrees of freedom, making the system to change from amorphous to polycrystalline state [14] .
Results
Calculated film thicknesses according to Equation (2.6) [11] are given in Table 1 . The values agree with that obtained from the surface profiler. Transmittance and reflectance of the as-deposited thin films at substrate temperatures of 51˚C, 55˚C and 59˚C revealed that both transmittance (Figure 1(a) ) and reflectance (Figure 1(b) ) increased with increase in wave- length. There were interference patterns in the transmittance spectra. The transmittance was zero at low wavelengths (200 nm -500 nm). The variation of absorption coefficient for the 100 x x 350 nm Se Bi − thin films with photon energy grown at different substrate temperatures is displayed in Figure 2 . It is observed that the absorption coefficient increases with increase in substrate temperature and bismuth content.
It is clear from Figure 3 that the extinction coefficient of the as-deposited thin films increases with increase in substrate temperature and bismuth content.
It is observed from Figure 4 that as the substrate temperature and bismuth content increased, the refractive index increased.
From Figure 5 , it is observed that the graph of real part of dielectric constant against wavelength is similar to the graph of refractive index against wavelength.
The optical band gap energy, g E was determined from a plot of ( ) ( )
eVcm h α ν − against photon energy (eV) according to [15] . Other researchers have also found selenium rich binary and ternary glasses to obey the indirect rule transition [16] [17] . Indirect optical band gap energy from the studied thin films was observed to decrease with increase in substrate temperature and bismuth content as shown in Figure 6 .
Figures 7(a)-(b)
show an increase in reflectance, absorption coefficient, extinction coefficient, refractive index, real and imaginary parts of the dielectric constant and a decrease in the transmittance and optical band gap energy as substrate temperature increases.
The optical band gap energy (eV) tabulated in Table 2 ( ) nm 700 λ = is found to decrease as bismuth content and substrate temperature increase. Se Bi − thin films [17] . This simply means that the grain size of the films was so small and that the disorder within these grains was so high that no specific diffraction peaks could be detected. The humps as observed in Figure 8 are the effect of the glass substrate as confirmed from the pattern of the blank glass substrate. Presence of humps in the XRD patterns is verification of small to medium range order in amorphous thin films [18] .
Discussion
The transmittance spectra of the as-deposited amorphous possibly due to interference patterns between the wave fronts reflected from the two surfaces of thin films. This was an indication of optical homogeneity of the deposited films [18] . The transmittance was zero in the lower wavelength region due to photon absorption. The transmittance of the as-deposited thin films decreased with the increase in bismuth concentration. This is due to defects introduced in the deposited films by the bismuth addition which led to increase in light absorption. Increase in substrate temperature from 51˚C to 59˚C led to decrease in transmittance at specific wavelengths especially in the visible region but reflectance increased. This trend has been observed by other authors while studying other chalcogenide thin films [17] [19] . The transmission spectra shifted towards the visible range on bismuth addition, showing an improvement in the photo-response of the system as observed from the reduced band gap energy. This is an indication of increase in absorption of light by the deposited films. The increased absorption coefficient with bismuth addition and increased substrate temperature consequently implies reduction in transmittance of the films and also an indication of less transparent films. The values of the absorption coefficient are in the order of Refractive index increased with increase in both bismuth content and substrate temperature. Increase in refractive index as the bismuth content increases may also be due to increased polarizability of the larger bismuth atoms compared to selenium atoms. The atomic radius of bismuth is 1.50 Å and that of selenium is 1.20 Å [21] . Since the atomic radius of bismuth is greater than that of selenium, its polarizability is higher than that of selenium according to Lorentz-Lorenz relation [22] :
where o ε is the vacuum permittivity, i N is the number of polarisable units of type i per unit volume with polarizability, pi α The increase of refractive index with substrate temperature may be due to narrowing of pores since the film surface gets denser as temperature of the substrate increases. The real part of the dielectric constant indicates the amount of light slowed down by the films and the imaginary part of the dielectric constant shows how a dielectric material absorbs energy from light. Both the real and imaginary parts of the dielectric constant increased with increase in bismuth content and substrate temperature. The values of real part of dielectric constant were greater than those for imaginary part which has also been observed by [17] .
There was a decrease in optical band gap of 100 x x Se Bi − thin films with substrate temperature and bismuth concentration. Substrate temperature may have induced modifications in the density of the unsaturated bonds because of insufficient number of atoms deposited in the amorphous films [14] [23] . The unsaturated bonds are responsible for the formation of gap states in the films that contribute to the effective spread in the localized states near the mobility edges. The presence of a high concentration of localized states is assumed to be responsible for the decrease in the optical band gap in the as-deposited thin films [24] . Decrease in optical band gap Se Bi − system due to bismuth addition [25] .
Conclusion
Transmission of light in the as-deposited thin films decreased with increase in substrate temperature and bismuth content while the reflectance increased. The absorption coefficient increased with increase in substrate temperature and bismuth content. In addition, the as-deposited films seem to be more sensitive to light as bismuth concentration increases as observed from the shift in transmittance profiles towards the visible region. Hence, we can conclude that the deposited films' sensitivity to light increases with increase in substrate temperature and bismuth content. The extinction coefficient of the as-deposited films increased with increase in substrate temperature and bismuth content due to increased absorption coefficient of the as-deposited thin films. Refractive index of the as-deposited thin films obtained using the Swanepoel method, decreased with increase in wavelength but increased with increase in bismuth concentration and substrate temperature. The optical band gap energy decreased slightly with increase in bismuth content and substrate temperature. This has been explained in terms of decreased cohesive energy in the as-deposited amorphous thin films. The real and imaginary parts of dielectric constant increased with increase in bismuth concentration and substrate temperature. 
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